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TITLE OF THE INVENTION 

SEMICONDUCTOR SUBSTRATE WITH DEFECTS REDUCED OR 
REMOVED AND METHOD OF MANUFACTURING THE SAME, AND 
SEMICONDUCTOR DEVICE CAPABLE OF BIDIRECTIONALLY RETAINING 
5 BREAKDOWN VOLTAGE AND METHOD OF MANUFACTURING THE SAME 

BACKGROUND OF THE INVENTION 
Field of the Invention 

The present invention relates to a semiconductor substrate used in a power 
10 semiconductor device and a method of manufacturing the same, and a semiconductor 
device using the semiconductor substrate and a method of manufacturing the same. 

Description of the Background Art 

In recent, a power circuit called an AC matrix converter in which direct 
15 switching of a three-phase voltage source is performed by a bidirectional switch has been 
proposed. As the bidirectional switch used in the AC matrix converter, a power device 
having bidirectional breakdown voltages is required. As an example of this, an IGBT 
capable of bidirectionally retaining its breakdown voltages is disclosed in M. Takei, Y. 
Harada, and K. Ueno, "600V-IGBT with Reverse Blocking Capability", Proceedings of 
20 2001 International Symposium on Power Semiconductor Devices & ICs, Osaka. 

Also, a technique for forming a local lifetime region by helium irradiation or 
proton irradiation is disclosed in Japanese Patent Application Laid-Open No. 2002-76017. 

In the IGBT described in Takei et al., however, by providing a trench of mesa 
structure from a surface of a substrate to a collector P layer and forming a substance to 
25 relieve an electric field inside the trench, the breakdown voltage is retained. Though this 
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method is adopted in an existing triac and the like, it has a problem of low reliability. 

In addition, in the above-mentioned Japanese Patent Application Laid-Open No. 
2002-76017, helium and proton are treated alike, but, depending on the implantation 
depth of proton into the substrate, a problem arises that reverse breakdown voltage 
5 reduces because the implanted protons are made to act as a donor. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a highly-reliable semiconductor 
device capable of bidirectionally retaining breakdown voltages and a method of 

10 manufacturing the same, and provide a semiconductor substrate used for the 
semiconductor device and a method of manufacturing the same. 

A first aspect of the present invention is intended for a semiconductor substrate, 
and according to the first aspect, the semiconductor substrate includes a substrate, an 
impurity diffusion layer and an impurity diffusion region. The substrate of a first 

1 5 conductivity type has a first main surface and a second main surface which are opposed to 
each other. The impurity diffusion layer of a second conductivity type different from the 
first conductivity type is formed in the first main surface by diffusing an impurity. The 
impurity diffusion region of the second conductivity type is formed partially in the second 
main surface by diffusing an impurity, having a bottom surface reaching the impurity 

20 diffusion layer and surrounding a portion of the substrate which has the first conductivity 
type in a plan view. The portion surrounded by the impurity diffusion region is defined 
as an element formation region. 

The semiconductor substrate is manufactured by forming the impurity diffusion 
layer in the first main surface of the substrate and then forming the impurity diffusion 

25 region in the second main surface of the substrate. At this time, since the impurity 



diffusion layer serves as a gettering site against a damage caused by formation of the 
impurity diffusion region, it is possible to reduce or remove a defect of the semiconductor 
substrate caused by formation of the impurity diffusion region. 

A second aspect of the present invention is intended for a semiconductor device, 
5 and according to the second aspect, the semiconductor device includes a semiconductor 
substrate and a first impurity region. The semiconductor substrate includes a substrate, 
an impurity diffusion layer and an impurity diffusion region. The substrate of a first 
conductivity type has a first main surface and a second main surface which are opposed to 
each other. The impurity diffusion layer of a second conductivity type different from the 
10 first conductivity type is formed in the first main surface by diffusing an impurity. The 
impurity diffusion region of the second conductivity type is formed partially in the second 
main surface by diffusing an impurity, having a bottom surface reaching the impurity 
diffusion layer and surrounding a portion of the substrate which has the first conductivity 
type in a plan view. The portion surrounded by the impurity diffusion region is defined 
15 as an element formation region. The first impurity region of the second conductivity 
type is formed partially in the second main surface in the element formation region. 

With extension of a depletion layer from the first impurity region, a forward 
breakdown voltage can be retained. Further, with extension of a depletion layer from the 
impurity diffusion layer and the impurity diffusion region, a reverse breakdown voltage 
20 can be retained. In short, it is possible to retain both the forward breakdown voltage and 
the reverse breakdown voltage. 

A third aspect of the present invention is intended for a semiconductor device, 
and according to the third aspect, the semiconductor device includes a semiconductor 
substrate, a first impurity region, a second impurity region, a gate electrode, and a first 
25 local lifetime region. The semiconductor substrate includes a substrate, an impurity 
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diffusion layer, and an impurity diffusion region. The substrate of a first conductivity 
type has a first main surface and a second main surface which are opposed to each other. 
The impurity diffusion of a second conductivity type that is different from the first 
conductivity type is formed in the first main surface, and serves as a collector of a 
5 transistor. The impurity diffusion region of the second conductivity type is formed 
partially in the second main surface, has a bottom surface reaching the impurity diffusion 
layer, and surrounds a portion of the substrate which has the first conductivity type in a 
plan view. The portion surrounded by the impurity diffusion region is defined as an 
element formation region. The first impurity region of the second conductivity type is 
10 formed partially in the second main surface in the element formation region and serves as 
a base of the transistor. The second impurity region of the first conductivity type is 
formed partially in the second main surface in the first impurity region and serving as an 
emitter of the transistor. The gate electrode is formed on the second main surface with a 
gate insulating film interposed therebetween above the first impurity region positioned 
15 between the second impurity region and a portion of the substrate which has the first 
conductivity type. The first local lifetime region is formed by implanting protons into a 
substantially middle region, with respect to a film thickness direction, of the portion of 
the substrate which has the first conductivity type. 

Both the forward breakdown voltage and the reverse breakdown voltage can be 
20 retained at high level. 

A fourth aspect of the present invention is intended for a method of 
manufacturing a semiconductor substrate, and according to the fourth aspect, the method 
includes the steps (a) to (c). The step (a) is to prepare a substrate of a first conductivity 
type, having a first main surface and a second main surface which are opposed to each 
25 other. The step (b) is to form an impurity diffusion layer of a second conductivity type 



different from the first conductivity type by diffusing a first impurity into the substrate 
from the first main surface. The step (c) is to form an impurity diffusion region of the 
second conductivity type by diffusing a second impurity into the substrate from part of 
the second main surface, to have a bottom surface reaching the impurity diffusion layer 
5 and surround a portion of the substrate which has the first conductivity type in a plan view. 
The portion surrounded by the impurity diffusion region is defined as an element 
formation region. 

Since the impurity diffusion layer serves as a gettering site against a damage 
caused by formation of the impurity diffusion region, it is possible to reduce or remove a 

10 defect of the substrate caused by formation of the impurity diffusion region. 

A fifth aspect of the present invention is intended for a method of manufacturing 
a semiconductor device, and according to the fifth aspect, the method includes the steps 
(a) to (f). The step (a) is to prepare a substrate of a first conductivity type, having a first 
main surface and a second main surface which are opposed to each other. The step (b) is 

15 to form an impurity diffusion layer of a second conductivity type different from the first 
conductivity type by diffusing a first impurity into the substrate from the first main 
surface. The step (c) is to form an impurity diffusion region of the second conductivity 
type by diffusing a second impurity into the substrate from part of the second main 
surface, to have a bottom surface reaching the impurity diffusion layer and surround a 

20 portion of the substrate which has the first conductivity type in a plan view. The portion 
surrounded by the impurity diffusion region is defined as an element formation region. 
The step (d) is to form a first impurity region of the second conductivity type partially in 
the second main surface in the element formation region. The step (e) is to form a 
second impurity region of the first conductivity type partially in the second main surface 

25 in the first impurity region. The step (f) is to form a gate electrode on the second main 
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surface with a gate insulating film interposed therebetween above the first impurity region 
positioned between the second impurity region and a portion of the substrate which has 
the first conductivity type. The first impurity region serves as a base of a transistor, the 
second impurity region serves as an emitter of the transistor, and the impurity diffusion 
5 layer serves as a collector of the transistor. 

With extension of a depletion layer from the first impurity region, a 
forward breakdown voltage can be retained. Further, with extension of a depletion layer 
from the impurity diffusion layer and the impurity diffusion region, a reverse breakdown 
voltage can be retained. In short, it is possible to obtain an IGBT in which both the 
1 0 forward breakdown voltage and the reverse breakdown voltage can be retained. 

A sixth aspect of the present invention is intended for a method of 
manufacturing a semiconductor device, and according to the sixth aspect, the method 
includes the steps (a) to (g). The step (a) is to prepare a substrate of a first conductivity 
type, having a first main surface and a second main surface which are opposed to each 
15 other. The step (b) is to form, in the first main surface, an impurity diffusion layer of a 
second conductivity type different from the first conductivity type, the impurity diffusion 
layer serving as a collector of a transistor. The step (c) is to form, partially in the second 
main surface, an impurity diffusion region of the second conductivity type having a 
bottom surface reaching the impurity diffusion layer and surrounding a portion of the 
20 substrate which has the first conductivity type in a plan view. The portion surrounded 
by the impurity diffusion region is defined as an element formation region. The step (d) 
is to form, partially in the second main surface in the element formation region, a first 
impurity region of the second conductivity type serving as a base of the transistor. The 
step (e) is to form, partially in the second main surface in the first impurity region, a 
25 second impurity region of the first conductivity type serving as an emitter of the transistor. 
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The step (f) is to form a gate electrode on the second main surface with a gate insulating 
film interposed therebetween above the first impurity region positioned between the 
second impurity region and a portion of the substrate which has the first conductivity type. 
The step (g) is to form a first local lifetime region by implanting proton into a 
5 substantially middle region, with respect to a film thickness direction, of the portion of 
the substrate which has the first conductivity type, from the side of the first main surface 
through the impurity diffusion layer. 

Both the forward breakdown voltage and the reverse breakdown voltage can be 
retained at high level. 

10 These and other objects, features, aspects and advantages of the present 

invention will become more apparent from the following detailed description of the 
present invention when taken in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 
15 Fig. 1 is a plan view showing a structure of a semiconductor substrate in 

accordance with a first preferred embodiment of the present invention; 

Fig. 2 is a cross section showing a cross-sectional structure with respect to a 
position along the line XI -XI of Fig. 1; 

Figs. 3 to 6 are cross sections showing a method of manufacturing the 
20 semiconductor substrate in accordance with the first preferred embodiment of the present 
invention step by step; 

Figs. 7 and 8 are views showing an effect of the semiconductor substrate and the 
method of manufacturing the same in the first preferred embodiment; 

Figs. 9 to 11 are cross sections showing a method of manufacturing a 
25 semiconductor substrate in accordance with a second preferred embodiment of the present 
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invention step by step; 

Fig. 12 is a graph showing a result of SR evaluation on the semiconductor 
substrate manufactured by the method in accordance with the second preferred 
embodiment; 

Fig. 13 is a cross section showing a variation of the first and second preferred 
embodiments; 

Fig. 14 is a cross section showing a structure of a semiconductor device in 
accordance with a third preferred embodiment of the present invention; 

Figs. 15 to 21 are cross sections showing a method of manufacturing the 
semiconductor device in accordance with the third preferred embodiment of the present 
invention step by step; 

Fig. 22 is a graph showing a result of simulation on a relation between a 
thickness of an N" region and a breakdown voltage; 

Fig. 23 is a graph showing a result of measurement of leakage current in 
measuring the breakdown voltage; 

Fig. 24 is a cross section showing a structure of a semiconductor device in 
accordance with a fourth preferred embodiment of the present invention; 

Fig. 25 is a cross section showing a structure of a semiconductor device in 
accordance with a fifth preferred embodiment of the present invention; 

Fig. 26 is a cross section showing a process in a method of manufacturing the 
semiconductor device in accordance with the fifth preferred embodiment of the present 
invention. 

Fig. 27 is a graph showing a result of SR evaluation on a predetermined monitor 

wafer; 

Fig. 28 is a graph showing a result of study on a relation between implantation 



depth of proton and the breakdown voltage; 

Fig. 29 is a cross section showing a structure of a semiconductor device in 

accordance with a sixth preferred embodiment of the present invention, based on the 

semiconductor device shown in Fig. 24; 
5 Fig. 30 is a cross section showing a structure of a semiconductor device in 

accordance with the sixth preferred embodiment of the present invention, based on the 

semiconductor device shown in Fig. 25; 

Fig. 31 is a cross section showing a structure of a semiconductor device in 

accordance with a first variation of the sixth preferred embodiment of the present 
10 invention; and 

Fig. 32 is a cross section showing a structure of a semiconductor device in 
accordance with a second variation of the sixth preferred embodiment of the present 
invention. 

1 5 DESCRIPTION OF THE PREFERRED EMBODIMENTS 
First Preferred Embodiment 

Fig. 1 is a plan view showing a structure of a semiconductor substrate in 
accordance with a first preferred embodiment of the present invention, and Fig. 2 is a 
cross section showing a cross-sectional structure with respect to a position along the line 

20 XI -XI of Fig. 1 . Referring to Fig. 2, an N"-type silicon substrate 1 has a bottom surface 
and an upper surface which are opposed to each other. In the bottom surface of the 
N"-type silicon substrate 1, a P-type impurity diffusion layer 3 of high concentration is 
entirely formed by diffusing a P-type impurity. In the upper surface of the N"-type 
silicon substrate 1, a P-type isolation region 2 is partially formed by diffusing a P-type 

25 impurity. The P-type isolation region 2 has a bottom surface which reaches an upper 
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surface of the P-type impurity diffusion layer 3. Further, referring to Fig. 1, as viewed 
from the upper surface side of the N"-type silicon substrate 1, the P-type isolation region 2 
is formed, surrounding an N" region la which is part of the N'-type silicon substrate 1. 
The N" region la surrounded by the P-type isolation region 2 is defined as an element 
5 formation region of the N'-type silicon substrate 1 . 

Figs. 3 to 6 are cross sections showing a method of manufacturing the 
semiconductor substrate in accordance with the first preferred embodiment of the present 
invention step by step. Referring to Fig. 3, first, the N'-type silicon substrate 1 is 
prepared. Next, a silicon oxide film 4 is formed by thermal oxidation entirely on the 
1 0 upper surface of the N'-type silicon substrate 1 . 

Referring to Fig. 4, next, a substance (e.g., an insulating film) 49 containing a 
P-type impurity such as boron is entirely coated on the bottom surface of the N'-type 
silicon substrate 1 . After that, a heat treatment is performed to introduce and thermally 
diffuse the P-type impurity contained in the substance 49 into the N'-type silicon substrate 
15 1 . With this introduction and thermal diffusion, the P-type impurity diffusion layer 3 is 
formed in the bottom surface of the N'-type silicon substrate 1. After that, the silicon 
oxide film 4 and the substance 49 are removed. By controlling the temperature and time 
of the heat treatment in thermally diffusing the P-type impurity, it is possible to arbitrarily 
determine the depth of the P-type impurity diffusion layer 3 from the bottom surface of 
20 the N'-type silicon substrate 1 . 

Referring to Fig. 5, next, a silicon oxide film 5 is formed entirely on the upper 
surface and the bottom surface of the N'-type silicon substrate 1 by thermal oxidation. 
Subsequently, the silicon oxide film 5 formed on the upper surface of the N'-type silicon 
substrate 1 is partially removed by photolithography and etching. This produces an 
25 opening 5a to expose part of the upper surface of the N"-type silicon substrate 1 . 
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Referring to Fig. 6, next, a substance (e.g., an insulating film) 50 containing a 
P-type impurity such as boron is coated on the upper surface of the N"-type silicon 
substrate 1, covering the silicon oxide film 5. At a portion where the opening 5a is 
formed, the insulating film 50 comes into contact with the upper surface of the N"-type 
5 silicon substrate 1. After that, a heat treatment is performed to introduce and thermally 
diffuse the P-type impurity contained in the substance 50 into the N"-type silicon substrate 

1 at the portion where the substance 50 and the N"-type silicon substrate 1 are in contact 
with each other. With this introduction and thermal diffusion, the P-type isolation region 

2 is formed in the upper surface of the N"-type silicon substrate 1 . After that, the silicon 
10 oxide film 5 and the substance 50 are removed, and the semiconductor substrate of Fig. 2 

is thereby obtained. 

Thus, in the semiconductor substrate and the method of manufacturing the same 
of the first preferred embodiment, the P-type isolation region 2 is formed in the upper 
surface of the N"-type silicon substrate 1 after forming the P-type impurity diffusion layer 
15 3 of high concentration in the bottom surface of the N"-type silicon substrate 1. 
Therefore, since the P-type impurity diffusion layer 3 serves as a gettering site against the 
damage in forming the P-type isolation region 2, it is possible to obtain a semiconductor 
substrate in which the defect caused by formation of the P-type isolation region 2 is 
reduced or removed. 

20 Specific verification of this effect will be made below. Figs. 7 and 8 are views 

showing an effect of the semiconductor substrate and the method of manufacturing the 
same in the first preferred embodiment. Fig. 7 shows an exemplary case where the 
P-type isolation region 2 is formed without forming the P-type impurity diffusion layer 3, 
and Fig. 8 shows an exemplary case where the P-type isolation region 2 is formed after 

25 forming the P-type impurity diffusion layer 3. 
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In an upper surface of a FZ wafer having a film thickness of 800 |im, the P-type 
isolation region 2 is formed to have a depth of about 250 |um. Next, a heat treatment is 
performed at 1100 °C or over for about 60 minutes. Next, after cleaving the wafer, 
etching is performed by using Sirtl etchant to elicit defects. Fig. 7 shows an observation 
5 result with a microscope, of the sample which is thus obtained. As shown in Fig. 7, 
there are many defects 10 which are seemed to be OSFs (Oxide Stacking Faults) in the 
wafer. When an IGBT is manufactured using this wafer, a leakage current in measuring 
the breakdown voltage is too large and particularly it becomes much larger at high 
temperature (125 °C), and therefore the IGBT can not operate normally. 

10 On the other hand, Fig. 8 shows an observation result of a sample obtained by 

forming the P-type impurity diffusion layer 3 in the bottom surface of the FZ wafer and 
then forming the P-type isolation region 2 to have a depth of about 1 80 ^m. As shown 
in Fig. 8, there is no defect 10 in the wafer. When an IGBT is manufactured using this 
wafer, the leakage current in measuring the breakdown voltage is markedly reduced as 

15 compared with the case where no P-type impurity diffusion layer 3 is formed. 



Second Preferred Embodiment 

Figs. 9 to 11 are cross sections showing a method of manufacturing a 
semiconductor substrate in accordance with a second preferred embodiment of the present 
20 invention step by step. Referring to Fig. 9, first, the N"-type silicon substrate 1 is 
prepared. Next, a silicon oxide film 15 is formed by thermal oxidation entirely on the 
upper surface and the bottom surface of the N"-type silicon substrate 1 . 

Referring to Fig. 10, next, the silicon oxide film 15 formed on the upper surface 
of the N"-type silicon substrate 1 is partially removed by photolithography and etching. 
25 This produces an opening 15a to expose part of the upper surface of the N"-type silicon 
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substrate 1. Further, the silicon oxide film 15 formed on the bottom surface of the 
N'-type silicon substrate 1 is entirely removed by etching. This exposes the bottom 
surface of the N'-type silicon substrate 1 . 

Referring to Fig. 11, next, the substance 50 containing a P-type impurity such as 
5 boron is formed by CVD on the upper surface of the N'-type silicon substrate 1 5 covering 
the silicon oxide film 15 and on the bottom surface of the N'-type silicon substrate L 
After that, a heat treatment is performed to introduce and thermally diffuse the P-type 
impurity contained in the substance 50 into the N'-type silicon substrate 1 at the portion 
where the substance 50 and the N'-type silicon substrate 1 are in contact with each other. 
10 With this introduction and thermal diffusion, the P-type isolation region 2 is formed in the 
upper surface of the N'-type silicon substrate 1 and the P-type impurity diffusion layer 3 
is formed in the bottom surface of the N'-type silicon substrate 1 . After that, the silicon 
oxide film 15 and the substance 50 are removed, and the semiconductor substrate of Fig. 
2 is thereby obtained. 

15 Fig. 12 is a graph showing a result of SR (Spreading Resistance) evaluation on 

the semiconductor substrate manufactured by the method in accordance with the second 
preferred embodiment. The horizontal axis indicates the depth D (|nm) from the upper 
surface of the N'-type silicon substrate 1 and the vertical axis indicates the concentration 
N (cm" 3 ), the resistivity p (Q cm) and the resistance R (Q). Fig. 12 shows the result of 

20 the SR evaluation, extracting an area from the upper surface of the N'-type silicon 
substrate 1 to the depth of 240 \xm out of the semiconductor substrate having a film 
thickness of 350 |am. 

It can be seen from Fig. 12 that the characteristics, i.e., the concentration N, the 
resistivity p and the resistance R, are each almost symmetrical with respect to the depth 

25 near the center of the film thickness of the semiconductor substrate (175 |am). In other 
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words, it is found that the thickness of the P-type impurity diffusion layer 3 is almost 
equal to the depth of the P-type isolation region 2 from the upper surface of the N"-type 
silicon substrate 1 (both are 175 |im) in the semiconductor substrate of the second 
preferred embodiment. With attention given to the characteristic of concentration N, the 
5 impurity concentration distribution of the P-type impurity difiusion layer 3 from the 
bottom surface of the N"-type silicon substrate 1 towards the inside of the substrate is 
almost equal to that of the P-type isolation region 2 from the upper surface of the N'-type 
silicon substrate 1 towards the inside of the substrate. 

Thus, in the semiconductor substrate and the method of manufacturing the same 

10 according to the second preferred embodiment, the thermal diffusion of P-type impurity 
for forming the P-type isolation region 2 and that for forming the P-type impurity 
diffusion layer 3 are performed in the same process as shown in Fig. 11. As a result, it is 
possible to reduce the number of manufacturing process steps as compared with the 
above-discussed first preferred embodiment. 

15 Fig. 13 is a cross section showing a variation of the first and second preferred 

embodiments. After obtaining the semiconductor substrate of Fig. 2 by the 
manufacturing method of the above-discussed first or second preferred embodiment, the 
P-type impurity diffusion layer 3 is thinned by polishing the N"-type silicon substrate 1 
from the bottom surface side by a predetermined film thickness. This allows control of 

20 the impurity concentration in a surface of the P-type impurity diffusion layer 3 (the 
bottom surface of the N"-type silicon substrate 1). 

Fig. 4 of Japanese Patent Application Laid Open Gazette No. 7-307469 shows a 
method of manufacturing a semiconductor device where (a) a process step of forming a 
P-type impurity difiusion region which partially penetrates the N'type substrate from its 

25 upper surface to its bottom surface by partially diffusing a P-type impurity from the upper 
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surface and the bottom surface of the N'type substrate and (b) a process step of forming a 
P-type impurity diffusion layer contiguous to the P-type impurity diffusion region by 
diffusing a P-type impurity entirely in the bottom surface of the N'type substrate are 
executed in this order. The method, however, has a necessity to form masks at the same 
5 position of the upper surface and the bottom surface of the N'type substrate in alignment, 
and this makes the manufacturing process complicate. On the other hand, the method of 
manufacturing the semiconductor substrate in the first and second preferred embodiments 
of the present invention does not have such a problem. 

Fig. 5 of the above Gazette shows a method of manufacturing a semiconductor 

10 device where (a) a process step of forming an N'type epitaxial layer on an upper surface 
of a P + -type substrate and (b) a process step of forming a P + -type impurity diffusion layer 
contiguous to the P + -type substrate by diffusing partially in an upper surface of the N'type 
epitaxial layer are executed in this order. The method, however, has a problem that both 
the manufacturing cost and the number of manufacturing process steps increase since the 

15 step of forming the N'type epitaxial layer on the P + -type substrate is needed. On the 
other hand, the method of manufacturing the semiconductor substrate in the first and 
second preferred embodiments of the present invention does not have such a problem. 

Third Preferred Embodiment 

20 Fig. 14 is a cross section showing a structure of a semiconductor device (IGBT) 

in accordance with a third preferred embodiment of the present invention, which uses the 
semiconductor substrate of the first and second preferred embodiments. In the element 
formation region, P-type impurity regions 20 are formed partially in the upper surface of 
the N"-type silicon substrate 1. In the P-type impurity regions 20, N*-type impurity 

25 regions 21 are formed partially in the upper surface of the N"-type silicon substrate 1. 
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The P-type impurity regions 20 serve as a base of the IGBT, the N^-type impurity regions 
21 serve as an emitter thereof and the P-type impurity diffusion layer 3 serves as a 
collector thereof. Further, in the upper surface of the N"-type silicon substrate 1, 
portions of the P-type impurity regions 20 which are positioned between the lsT-type 

5 impurity regions 21 and the N" region la serve as channel regions. On the channel 
regions, gate electrodes 23 are formed with part of insulating films 22 interposed 
therebetween. The gate electrodes 23 are made of, e.g., polysilicon. On the bottom 
surface of the N"-type silicon substrate 1, a collector electrode 27 is formed, being in 
contact with the P-type impurity diffusion layer 3. On the upper surface of the N"-type 

10 silicon substrate 1, an emitter electrode 24 is formed, being in contact with the P-type 
impurity regions 20 and the N + -type impurity regions 21. An electrode 25 is connected 
to the P-type isolation region 2. The IGBT of the third preferred embodiment comprises 
a guard ring structure having P-type impurity regions 26a, electrodes 26b and insulating 
films 26c. 

15 Figs. 15 to 21 are cross sections showing a method of manufacturing the 

semiconductor device in accordance with the third preferred embodiment of the present 
invention step by step. Referring to Fig. 15, first, the semiconductor substrate of the 
above-discussed first or second preferred embodiment is prepared. 

Referring to Fig. 16, next, a silicon oxide film is formed entirely on the upper 

20 surface of the N"-type silicon substrate 1 by thermal oxidation. Subsequently, the silicon 
oxide film is patterned by photolithography and etching to form silicon oxide films 22a 
and 26c. Then, a P-type impurity is introduced into portions of the upper surface of the 
lST-type silicon substrate 1 that are exposed from the silicon oxide films 22a and 26c by 
ion implantation to form the P-type impurity regions 20a and 26a. 

25 Referring to Fig. 17, next, the silicon oxide film 22a is patterned to form a 
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silicon oxide film 22b, and thereafter, a silicon oxide film 22c, which is thinner than the 
silicon oxide films 22b and 26c, is formed on the upper surface of the N'-type silicon 
substrate 1 by thermal oxidation. 

Referring to Fig. 18, next, a polysilicon film is entirely formed by CVD. 

5 Subsequently, the polysilicon film is patterned by photolithography and etching to form 
the gate electrodes 23. 

Referring to Fig. 19, next, a P-type impurity is introduced partially into the upper 
surface of the N"-type silicon substrate 1 by photolithography and ion implantation to 
form P-type impurity regions 20b, which are shallower than the P-type impurity regions 

10 20a. With the P-type impurity regions 20a and 20b, the P-type impurity regions 20 
shown in Fig. 14 are formed. 

Referring to Fig. 20, next, portions of the silicon oxide film 22c that are exposed 
from the gate electrodes 23 are removed by etching. Portions of the silicon oxide film 
22c that are left unremoved serve as gate insulating films. Subsequently, an N-type 

15 impurity is introduced partially into the upper surface of the P-type impurity regions 20 
by photolithography and ion implantation to form the lST-type impurity regions 21 . 

Referring to Fig. 21, next, a silicon oxide film is entirely formed by CVD. 
Subsequently, the silicon oxide film is patterned by photolithography and etching to form 
silicon oxide films 22d covering side surfaces and upper surfaces of the gate electrodes 23. 

20 With the silicon oxide films 22b to 22d, the insulating films 22 shown in Fig. 14 are 
formed. Thereafter, the emitter electrode 24 and the electrodes 25 and 26b are formed 
on the upper surface of the N'-type silicon substrate 1 . Further, the collector electrode 
27 is formed on the bottom surface of the N'-type silicon substrate 1. Thus, the 
semiconductor device of Fig. 14 is obtained. 

25 Now, a breakdown voltage of the semiconductor device of the third preferred 
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embodiment will be examined. In the following discussion, a voltage applied to the 
P-type impurity regions 20 serving as the base is represented as "V20" and a voltage 
applied to the P-type impurity diffusion layer 3 serving as the collector is represented as 
"V 3 ". 

5 When a forward voltage V 2 o < V 3 is applied between the base and the collector, a 

depletion layer extends from the P-type impurity regions 20 to retain a forward 
breakdown voltage. In this case, an electric field is strong near an end of the P-type 
impurity region 20 having a sharp curve, but the electric field concentration near this end 
can be relieved by the guard ring structure 26. As a result, the forward breakdown 

10 voltage depending on the respective impurity concentrations, the shapes and the like of 
the P-type impurity regions 20, the N" region la and the P-type impurity diffusion layer 3 
can be properly retained. 

On the other hand, when a reverse voltage V 2 o > V 3 is applied between the base 
and the collector, a depletion layer extends from the P-type impurity diffusion layer 3 and 

15 the P-type isolation region 2 to retain a reverse breakdown voltage. In this case, since 
the P-type isolation region 2 has a gentle curve, the reverse breakdown voltage depending 
on the respective impurity concentrations, the shapes and the like of the P-type impurity 
regions 20, the N" region la, the P-type impurity diffusion layer 3 and the P-type isolation 
region 2 can be properly retained without providing a breakdown-voltage retaining 

20 structure such as the guard ring structure. 

A simulation is performed with the impurity concentration of the N" region la 
changed variously, to examine the relation between the thickness of the N" region la and a 
breakdown voltage VCES. Fig. 22 is a graph showing a result of the simulation. It can 
be seen from this graph that an arbitrary breakdown voltage can be obtained by 

25 controlling the impurity concentration and the film thickness of the N" region la. 
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Further, leakage currents in measuring the breakdown voltage are measured on 
the respective cases where the P-type isolation region 2 is formed without forming the 
P-type impurity diffusion layer 3 and where the P-type isolation region 2 is formed after 
forming the P-type impurity diffusion layer 3. Fig. 23 is a graph showing a result of 
5 measurement. The characteristic Kl indicates a measurement result on the case where 
the P-type isolation region 2 is formed after forming the P-type impurity diffusion layer 3 
and the characteristic K2 indicates a measurement result on the case where the P-type 
isolation region 2 is formed without forming the P-type impurity diffusion layer 3. It 
can be seen from this graph that it is possible to markedly reduce the leakage current 
10 ICES by forming the P-type isolation region 2 after forming the P-type impurity diffusion 
layer 3. 

Next discussion will be made on a turn-on operation of the semiconductor device 
(IGBT) shown in Fig. 14. When a predetermined collector voltage VCE is applied 
between the emitter and the collector and a predetermined gate voltage VGE is applied 

15 between the emitter and the gate, the P-type impurity regions 20 below the gate insulating 
films 22 are reversed into N type, to form channel regions. Then, electrons are 
implanted into the N" region la from the N-type impurity regions 21 through the channel 
regions. With this implanted electrons, a forward bias is applied between the N" region 
la and the P-type impurity diffusion layer 3. Then, holes are implanted into the N" 

20 region la from the P-type impurity diffusion layer 3, to markedly reduce the resistance 
value of the N" region la and increase the current-carrying capacity. Thus, in the IGBT, 
the resistance of the N* region la is reduced by implanting holes from the P-type impurity 
diffusion layer 3. 

Next discussion will be made on a turn-off operation. When the gate electrode 
25 VGE is made zero or reverse bias, the N-type channel regions are returned to P type and 
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the implantation of electrons into the N" region la from the N-type impurity regions 21 is 
stopped. With this, the implantation of holes into the N" region la from the P-type 
impurity diffusion layer 3 is also stopped. The electrons and holes accumulated in the 
N" region la are emitted to the N-type impurity regions 21 or the impurity diffusion layer 
5 3 by the electric field of the depletion layer extending from the P-type impurity regions 20 
or recombined into extinction. 

In the semiconductor device of the third preferred embodiment, as discussed 
above, the reverse breakdown voltage is retained by extension of the depletion layer from 
the P-type impurity diffusion layer 3 and the P-type isolation region 2. Therefore, since 

10 no TsT-type buffer layer can be formed between the P-type impurity diffusion layer 3 and 
the N" region la, unlike in the existing IGBT, it is necessary to thicken the film thickness 
of the N~ region la to some degree. The film thickness of the N" region la may be 
determined on the basis of the graph of Fig. 22 with the relation between the required 
breakdown voltage and the impurity concentration of the N" region la. 

15 Thus, in the semiconductor device and the method of manufacturing the same 

according to the third preferred embodiment, both the forward breakdown voltage and the 
reverse breakdown voltage of the IGBT can be retained. Therefore, the semiconductor 
device of the third preferred embodiment can be applied to a power device required to 
have bidirectional breakdown voltages, such as a bidirectional switch used in an AC 

20 matrix converter. 

Fourth Preferred Embodiment 

Fig. 24 is a cross section showing a structure of a semiconductor device in 
accordance with a fourth preferred embodiment of the present invention. The 
25 semiconductor device of the fourth preferred embodiment has a basic structure of the 
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semiconductor device of the third preferred embodiment and a local lifetime region 30 is 
additionally formed in the N* region la. The local lifetime region 30 can be formed, e.g., 
by ion implantation of an impurity such as proton or helium into the N" region la from the 
bottom surface side of the N~-type silicon substrate 1 through the P-type impurity 
5 diffusion layer 3 after obtaining the structure of Fig. 21. Naturally, the ion implantation 
may be also performed from the upper surface side of the N"-type silicon substrate 1 . 

As discussed above, the semiconductor device of the third preferred embodiment 
has a necessity to thicken the film thickness of the N" region la to some degree. This 
needs more electrons to be implanted into the N" region la from the N-type impurity 

10 regions 21 in the turn-on operation. Further, in the turn-off operation, a region where no 
depletion layer is formed remains at a portion of the N" region la near the P-type impurity 
diffusion layer 3. Then, in the region with no depletion layer, the main factor of 
extinction of carriers in the turn-off is not emission by the electric field but recombination, 
and therefore the time required for the turn-off becomes relatively longer. 

1 5 Since the recombination of carriers in this region is accelerated by formation of 

the local lifetime region 30 particularly in the region of the N" region la where no 
depletion layer is formed, it is possible to shorten the time required for the turn-off. 

Fifth Preferred Embodiment 

20 Fig. 25 is a cross section showing a structure of a semiconductor device in 

accordance with a fifth preferred embodiment of the present invention. Fig. 26 is a cross 
section showing a process in a method of manufacturing the semiconductor device in 
accordance with the fifth preferred embodiment of the present invention. After 
obtaining the structure of Fig. 21, with reference to Fig. 26, the P-type impurity diffusion 

25 layer 3 is thinned by polishing the N'-type silicon substrate 1 by a predetermined 
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thickness from the bottom surface side thereof. After that, like in the fourth preferred 
embodiment, the local lifetime region 30 is formed by ion implantation of a 
predetermined impurity into the N* region la from the bottom surface side of the N'-type 
silicon substrate 1 through the P-type impurity diffusion layer 3. With this, the 
5 semiconductor device of Fig. 25 is obtained. 

Thus, in the semiconductor device and the method of manufacturing the same 
according to the fifth preferred embodiment, the local lifetime region 30 is formed in the 
N" region la by ion implantation of a predetermined impurity from the bottom surface 
side of the N"-type silicon substrate 1 after thinning the P-type impurity diffusion layer 3. 
10 Therefore, as compared with the fourth preferred embodiment, it becomes possible to 
form the local lifetime region 30 nearer to the upper surface of the N~-type silicon 
substrate 1. In other words, the depth of the local lifetime region 30 to be formed can be 
determined more flexibly. 

1 5 Sixth Preferred Embodiment 

When the local lifetime region 30 is formed in the N" region la by implanting 
protons, the implanted protons are made to act as a donor due to the annealing after the 
implantation; as a result, a portion of the N' region la in which the protons are implanted 
shows a higher impurity concentration. 

20 Fig. 27 is a graph showing the result of SR evaluation on a predetermined 

monitor wafer. The monitor wafer is fabricated by ion-implanting proton into 
substantially a middle region, with respect to a film thickness direction, of the N"-type 
silicon substrate having a film thickness of 150 |im (that is, into a region at or in the 
vicinity of a depth of 75 jam), and subsequently being annealed. In Fig. 27, the 

25 horizontal axis indicates the depth D (jim) from the upper surface of the N"-type silicon 
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substrate and the vertical axis indicates the concentration N (cm" 3 ), the resistivity p 
(fl-cm) and the resistance R (Q). It can be seen from Fig. 27 that the concentration N in 
the N" region la has increased at or in the vicinity of a depth of about 75 |nm as the result 
of the protons having been made to act as a donor due to the annealing. 
5 Next, in the semiconductor device according to the foregoing third preferred 

embodiment, it was studied how the respective absolute values of the forward breakdown 
voltage and the reverse breakdown voltage vary according to the depth of proton 
implantation to the N" region la in the case where the film thickness of the N" region la is 
170 |im. Fig. 28 is a graph showing a result of the study. The horizontal axis of the 

10 graph indicates a distance L (|im) from the interface between the N" region la and the 
P-type impurity diffusion layer 3 to the location where protons are implanted. The 
vertical axis of the graph indicates respective absolute values (V) of the forward 
breakdown voltage and the reverse breakdown voltage. It can be seen from Fig. 28 that 
when the distance L is longer, the absolute value of the reverse breakdown voltage is 

15 greater, whereas when the distance L is shorter, the absolute value of the forward 
breakdown voltage is greater. The reason why the absolute value of the reverse 
breakdown voltage is less when the distance L is shorter is that the impurity concentration 
of the N" region la in the portion where protons are implanted increases due to the 
protons acting as a donor. 

20 As will be understood from Fig. 28, if the distance L is too short, the absolute 

value of the reverse breakdown voltage becomes small, but on the other hand, if the 
distance L is too long, the absolute value of the forward breakdown voltage becomes 
small. Therefore, when the local lifetime region is formed by implanting protons, it is 
desirable that the protons be implanted in a substantially middle region of the N~ region la 

25 with respect to the film thickness direction. In the example shown in Fig. 28, by setting 
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the distance L to be about 80 to 100 (im, it is possible to obtain a semiconductor device in 
which the respective absolute values of the forward breakdown voltage and the reverse 
breakdown voltage exceed 1200 (V). 

Fig. 29 is a cross section showing a structure of a semiconductor device in 
5 accordance with the sixth preferred embodiment, based on the semiconductor device 
shown in Fig. 24 . In place of the local lifetime region 30 shown in Fig. 24, a local 
lifetime region 30p is formed. The local lifetime region 30p is formed by ion-implanting 
protons into the substantially middle region of the N* region la with respect to the film 
thickness direction, from the bottom surface side of the N"-type silicon substrate 1 

10 through the P-type impurity diffusion layer 3. 

Fig. 30 is a cross section showing a structure of a semiconductor device in 
accordance with the sixth preferred embodiment, based on the semiconductor device 
shown in Fig. 25. In place of the local lifetime region 30 shown in Fig. 25, a local 
lifetime region 3 Op is formed. As in the semiconductor device shown in Fig. 29, the 

15 local lifetime region 30p is formed by ion-implanting protons into the substantially 
middle region of the N" region la with respect to the film thickness direction, from the 
bottom surface side of the N"-type silicon substrate 1 through the P-type impurity 
diffusion layer 3. 

Fig. 31 is a cross section showing a structure of a semiconductor device in 
20 accordance with a first variation of the sixth preferred embodiment. A local lifetime 
region 30h is additionally provided in the N" region la, based on the semiconductor 
device shown in Fig. 29. The local lifetime region 30h is formed by ion-implanting 
helium into a deep region that is nearer to the P-type impurity diffusion layer 3 than the 
local lifetime region 30p, from the bottom surface side of the N'-type silicon substrate 1 
25 through the P-type impurity diffusion layer 3. 
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Fig. 32 is a cross section showing a structure of a semiconductor device in 
accordance with a second variation of the sixth preferred embodiment. A local lifetime 
region 30h is additionally provided in the N~ region la, based on the semiconductor 
device shown in Fig. 30. As in the semiconductor device shown in Fig. 31, the local 
5 lifetime region 3 Oh is formed by ion-implanting helium into a deep region that is nearer to 
the P-type impurity diffusion layer 3 than the local lifetime region 3 Op, from the bottom 
surface side of the N"-type silicon substrate 1 through the P-type impurity diffusion layer 
3. 

Unlike proton, helium does not act as a donor. For this reason, even when the 

10 local lifetime region 3 Oh is formed at or in the vicinity of the interface between the N" 
region la and the P-type impurity diffusion layer 3, the absolute value of the reverse 
breakdown voltage does not decrease. Recombination of carriers is further accelerated 
by formation of not only the local lifetime region 3 Op but also the local lifetime region 
3 Oh, and accordingly, it is possible to further shorten the time required for the turn-off. 

15 Thus, in the semiconductor device and the method of manufacturing the same 

according to the sixth preferred embodiment, the local lifetime region 3 Op is formed by 
ion-implanting protons in the substantially middle region of the N" region la with respect 
to the film thickness direction. Accordingly, either one of the absolute value of one of 
the forward breakdown voltage or the reverse breakdown voltage does not reduce 

20 extremely, and both of the forward breakdown voltage and the reverse breakdown voltage 
of IGBT can be retained at high level. Therefore, the semiconductor device of the sixth 
preferred embodiment can be applied to a power device required to have bidirectional 
breakdown voltages, such as a bidirectional switch used in an AC matrix converter. 

Though the N-channel IGBT has been discussed in the above-discussed first to 

25 sixth preferred embodiments, the present invention can be also applied to a P-channel 
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IGBT. Further, though the IGBT in which the gate is formed on the silicon substrate has 
been discussed, the present invention can be also applied to another type of IGBT in 
which a gate is buried in a trench formed in the silicon substrate (trench gate type IGBT). 

While the invention has been shown and described in detail, the foregoing 
5 description is in all aspects illustrative and not restrictive. It is therefore understood that 
numerous modifications and variations can be devised without departing from the scope 
of the invention. 



